Thermoplastic polyurethane elastomers (TPUs) containing aliphatic polycarbonate soft segments and hard segments formed by 1,1′-methanediylbis(4-isocyanatocyclohexane) or 1,6-diisocyanatohexane and a combination of two chain extenders, i.e., 2,2′-[sulfanediylbis(benzene-1,4-diyloxy)]diethanol and 3-hydroxy-2-(hydroxymethyl)-2-methylpropanoic acid (DMPA), were synthesized in a onestep catalyzed melt polyaddition process. The obtained colorless, transparent and high-molar-mass materials, which differ in the content of the soft segments (30 or 45 mol%) and DMPA (10 or 20 mol%), were subjected to a series of test. Their structure was examined by FTIR spectroscopy, and the thermal properties were studied using differential scanning calorimetry and thermogravimetry. Moreover, their Shore A/D hardness, tensile, adhesive and optical properties were determined. These modified by an ionic chain extender TPUs were characterized by generally enhanced transmittance (up to 92.7% at 800 nm), tensile strength (up to 49.3 MPa), hardness and adhesive strength, and decreased elongation at break with a slightly worsened thermal stability in comparison with the non-modified ones.
Introduction
Thermoplastic polyurethane elastomers (TPUs) are segmented copolymers of alternately distributed flexible soft segments and more rigid hard segments, containing urethane. To synthesize conventional TPUs polyester, polyether and polycarbonate diols are utilized as soft segments, while to construct hard segments one uses aliphatic diols (mainly butane-1,4-diol (BD)) and aromatic (mainly 1,1′-methanediylbis(4-isocyanatobenzene) (MDI)) or aliphatic diisocyanates (mainly 1,1′-methanediylbis(4-isocyanatocyclohexane (HMDI)). Although TPUs find wide application in various areas, such as in medicine, footwear and automobile industry, new materials of better properties and multiple use are still needed. Thus, modifications of conventional TPUs both in their main chain, side chain as well as polymer surface itself are carried out [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] .
Recently, I and my colleagues presented TPUs modified in the main chain [15] [16] [17] [18] . They were obtained from non-conventional chain extenders, i.e., 2,2′-[sulfanediylbis(benzene-1,4-diyloxy)]diethanol (diol OSOE), 2,2′-[oxybis(benzene-1,4-diylsulfanediyl)]diethanol or 2,2′-[sulfanediylbis(benzene-1,4-diylsulfanediyl)]diethanol, commercial diisocyanates, such as MDI, HMDI and 1,6-diisocyanatohexane (HDI), and commercial polymer diols, such as aliphatic polyether diol of M n = 1000 g∕mol and aliphatic polycarbonate diol of M n = 2000 g/ mol (PCD). These polymers revealed relatively good thermal stability and tensile strength (up to ~ 44 MPa). Moreover, TPUs based on aliphatic diisocyanates [16, 18] were resistant to becoming yellow and in some cases showed good transparency. Having applied the above-mentioned sulfur-containing chain extenders, we received polymers with both better adhesive properties to metals and improved refractive index and transparency when compared to those created with conventional chain extender [16, 18] .
The present paper is devoted to a further modification of TPUs which covers the introduction of carboxylic groups into hard segments by using 3-hydroxy-2-(hydroxymethyl)-2-methylpropanoic acid (DMPA). For the purpose of the research, I chose some of the previously described TPUs, i.e., based on diol OSOE, HDI or HMDI and PCD [16] .
Such functionalized polyurethanes are materials greatly valued in biomedicine as the presence of the carboxylic groups enhances their biocompatibility; on the other hand, owing to the grafting and combining of different polymers, these groups may be used to modify the surface [19] [20] [21] . These polymers may also be applied to obtain anionomers after they undergo the process of ionization of the carboxylic groups, and the anionomers may be useful as coatings and adhesives, among others [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] .
Experimental

Materials
The diol OSOE (m.p. = 101-102 °C, after recrystallization first from methanol/water and next from 1,2-dichloroethane) was prepared from 4,4′-sulfanediyldiphenol and ethylene carbonate by a modified procedure described by Penczek et al. [31] . PCD (Desmophen ® C2200) of M n = 2000 g∕mol and HMDI (99.5%, Desmodur W ® ) were kindly supplied from Covestro AG (Germany). Before being used, the PCD was heated at 90 °C in vacuo for 10 h, while HDI (99%) and dibutyltin dilaurate (DBTDL) from Merck-Schuchardt (Germany), DMPA from Sigma-Aldrich (Germany) and HMDI were used as received.
TPU synthesis
HDI-and HMDI-based TPUs that were obtained differed in the content of the PCD soft segments, i.e., 30 or 45 mol%, as well as the content of DMPA, i.e., 10 or 20 mol%. Therefore, the following system of designation was adopted: X-Y-Z, where X is the abbreviation of diisocyanate, Y refers to the PCD content and Z represents the DMPA content.
The TPUs were synthesized, according to Fig. 1 , by a one-step catalyzed melt polyaddition process from the PCD, DMPA, diol OSOE and HDI or HMDI at the NCO/OH molar ratio of 1.05.
The typical procedure for the synthesis of the TPUs followed the formula: the PCD, DMPA and diol OSOE (0.01 mol together) and diisocyanate (0.0105 mol) were heated with stirring under dry nitrogen to 110 °C in an oil bath. A catalytic amount of DBTDL (about 3.2 × 10 −5 mol) was added to the formed clear melt and polymerization rapidly began at vigorous stirring. The reaction temperature was gradually raised to 135 °C, and the formed colorless rubber-like product was additionally heated at this temperature for 2 h.
Measurement methods
Number M n and mass M w average molar masses and the molar-mass dispersity (ĐM, ĐM = M w /M n ) of the TPUs were determined by gel permeation chromatography (GPC) using a Viscotek GPCMax instrument (USA) equipped with Triple Detector Array TDA305. Tetrahydrofuran (THF) was used as an eluent (flow = 1 mL/ min). The operation temperature was set at 35 °C, and a sample concentration of 5 mg/mL was applied. The molar mass was calibrated with polystyrene standards.
Attenuated total reflectance-Fourier transform infrared (ATR-FTIR) spectra were obtained with a Bruker Tensor 27 FTIR spectrometer (Germany) using thin films. The FTIR spectra were recorded in the spectral range of 600-4000 cm −1 with 32 scans per spectrum with a resolution of 4 cm Scanning calorimetry (DSC) curves were obtained with a Netzsch 204 calorimeter (Germany) in the range of − 100 to 200 °C. The reported transitions were taken from first to second heating scans. The scans were performed at the heating/cooling rate of 10 °C/min under nitrogen atmosphere (flow = 30 mL/min). Sample weights of about 10 mg were used. Glass transition temperatures (T g s) for the polymer samples were taken as the inflection point on the curves of the heat capacity changes. Melting temperatures (T m s) were read at endothermic peak maxima.
The Shore hardness tests were carried out with a Zwick 7206/H04 durometer (Germany), type A and D. The measurements were taken after 15 s at the temperature of 23°C.
Tensile testing was performed on a Zwick/Roell Z010 (Germany) tensile testing machine according to Polish Standard PN-81/C-89034 (EN ISO Standard 527-1:1996 and 527-2:1996) at the speed of 100 mm/min at 23 °C; tensile test pieces 1 mm thick and 6 mm wide (for the section measured) were cut from the pressed sheet.
Press molding was done with a Carver hydraulic press (USA) at 105-155 °C under 10-30 MPa pressure.
The single-lap shear strength of the polymers to copper plate, 100 mm × 25 mm × 1.5 mm, was measured in accordance with Polish Standard PN-EN 1465:2009 by using a Zwick/Roell Z010 (Germany). The adhesive joint, 12.5 mm × 25 mm × 0.2 mm, was prepared by pressing the polymer between the ends of two copper plates at 105-155 °C (prepared according to PN-EN-13887:2005) and then leaving them under a pressure of 30 MPa to cool to room temperature. Next, the plates were fixed by tensile testing machine clips and underwent tensile testing, at the speed of 2 mm/min at 23 °C.
The ultraviolet-visible (UV-VIS) spectra of the compression-molded 1-mmthick sheets of the polymers were collected with a UV-1800 (Shimadzu, Japan) UV spectrophotometer in the range of 300-900 nm, with a sampling interval of 0.5 nm.
Refractive index measurements were taken at 23 °C by a Conbest Abbe's Refractometer Type 325 instrument (Poland) in keeping with method A of European Standard EN ISO 489:1999. 1-Bromonaphthalene was used between the sample film and the prism shield. The polymers were in the form of the compression-molded 1-mm-thick sheets.
Results and discussion
The TPUs obtained were colorless, transparent materials. The HDI-based TPUs were insoluble in numerous organic solvents, such as THF, N,N-dimethylacetamide (DMAc), N,N-dimethylformamide (DMF), N-methyl-2-pyrrolidone (NMP), 1,1,2,2-tetrachloroethane (TChE) and dimethyl sulfoxide (DMSO); hence, their molar masses were not to be determined. On the other hand, the HMDI-based ones showed much lower resistance to the mentioned solvents, which can be caused by their amorphous structures (see DSC results). They were completely soluble in THF, DMAc, DMF and TChE, partially soluble in NMP and insoluble in DMSO. As given in Table 1 , these polymers exhibited high values of M n (in the range of 110 × 10 3 -143 × 10 3 g/mol) and M w (in the range of 219 × 10 3 -255 × 10 3 g/mol), as well as a relatively low molar-mass dispersity, ranging from 1.61 to 2.26, as for polyurethanes synthesized by melt polymerization method. Polyurethanes with similar molar-mass dispersity were also obtained by other researchers [32] [33] [34] .
Chemical structures of all the TPUs were examined by ATR-FTIR spectroscopy. The received spectra were consistent with their proposed structures. There were observed absorptions peaks characteristics of the urethane, carbonate, carboxylic and ether groups, benzene ring, as well as methylene and methyl groups. No isocyanate peak about 2270 cm −1 was seen in any spectra, indicating full NCO conversion. The main absorption bands are given below, whereas representative spectra are visible in Fig. 2 .
(cm Thermal properties of the synthesized TPUs were determined by using TG and DSC analyses.
The TPUs exhibited good thermal stability as indicated by the temperatures of 1% (T 1 ), 5% (T 5 ), 10% (T 10 ) and 50% (T 50 ) mass loss designed from the TG curves and are given in Table 2 . However, these temperature mass loss indicators were generally somewhat lower than those obtained for the analogous non-modified TPUs [16] . Then, the introduction of DMPA into the structure of the polymer slightly degrades its thermal stability, the more so the higher is its content. Interdependence of this kind was present in similar TPUs based on diphenylmethane-derivative chain extenders [35, 36] . The decomposition of all the TPUs was a multistage process. On all DTG curves, two overlapping peaks of high intensity were revealed with their maxima in the range of 334-357 °C and in the case of polymers H-45-10 and H-45-20 also a slightly perceptible one (at 326 or 331 °C); they are all associated with the decomposition mainly urethane and carbonate linkages. In the range of lower temperatures, at 290-300 °C, one may notice a peak of much lower intensity, visible as a shoulder. Its intensity was higher for TPUs with a greater DMPA content, and it was not observed for the analogous non-modified ones [16] ; thus, it could be ascribed to the first stage of the DMPA unit decomposition. To continue, the peak with the maximum at 392-405 °C is coupled with the decomposition of aromatic segment containing sulfide and ether groups [16] . Figures 3 and 4 present the DTG and TG curves received for TPUs with 45 mol% content of soft segment.
As the previous paper explains [16] , the urethane linkage present in the hard segments of the non-modified TPUs decomposed as a result of its dissociation to diisocyanate (HDI or HMDI) and diol OSOE; at the same time, the main decomposition products of the polycarbonate soft segments were carbon dioxide, carbon monoxide, alkenes, aliphatic alcohols and ethers, as shown in TPUs, hard segments formed by DMPA additionally appear. In the case of these segments, it may be assumed that the first is decarboxylation of the DMPa unit and then decomposes urethane linkage with the formation of diisocyanate and 2-methylpropane-1,3-diol, according to Fig. 5 . In both cases, diisocyanates may react to form carbodiimides and carbon dioxide. The products of the decomposition of 2-methylpropane-1,3-diol can be alcohols, ethers, aldehydes and water.
The DSC curves of all the HDI-based TPUs (Fig. 6 ) from the first heating scans showed one or two endothermic peaks with maxima in the range of 63-144 °C, which correspond to the melting of hard-segment domains. The high-temperature peak at 144 °C observed only for polymer H-30-10 should be assigned to the melting of well-separated domains of the hard segments with a high degree of ordering formed mainly by diol OSOE [16] . With the increase in DMPA content from 10 to 20 mol%, the possibility of the formation of carboxylic group dimmers grows, which disturbs the ordering of hard-segment domains, so hence significantly lower temperatures of their melting (63-80 °C) and smaller heat (ΔH) of this transition. In the case of TPUs containing 45 mol% PCD soft segments, whose non-modified analog H-45 was characterized by a low degree of ordering, the introduction of DMPA had a limited effect on their tendency to form ordered structures. The DSC curves received for these polymers displayed only the lowtemperature endothermic peaks with maxima in the range of 63-85 °C. However, when comparing ΔH values one may conclude that these modified TPUs revealed a lower degree of ordering than the non-modified ones [16] , the lower the more DMPA was used. The absence of endothermic peaks in the second heating scans points to a limited tendency of these polymers to form ordered structures. These TPUs exhibited similar T g s of the soft segment in the range of − 36 to − 29 °C (see Table 3 ). Somewhat lower values were observed for the polymers containing 45 mol% PCD, both in the first and second heating scans. The readings indicate weaker influence of the composition of these polymers on the degree of microphase separation, considered as relatively good. There is little difference between T g values of pure PCD soft segment (− 42° C) and the TPU.
The DSC curves of all the HMDI-based TPUs (Fig. 6 ) from both heating scans displayed only glass transition. In the case of these amorphous polymers, one observes bigger T g s differentiation (see Table 3 ). Significantly lower values (− 22-(− 12) °C vs. − 9-2 °C) and therefore a higher degree of microphase separation were present in polymers with the higher content of the soft segments. On the other hand, considering T g s only from the second heating scans, the influence of the DMPA amount is revealed, and so more DMPA means lower T g . As resulting from the data in Table 4 , using DMPA as a chain extender together with diol OSOE generally causes enhanced transmittance, both at 500 and 800 nm. Particularly, big increase took place for samples H-30-10 and H-30-20, whose non-modified analog (H-30) showed much higher degree of ordering [16] . That is the effect of the disturbance of polymer chain regularity and the resulting limitation of the possibility of forming ordered structures. As expected, among the TPUs modified by DMPA higher values of this parameter were exhibited by polymers from HMDI, showing the amorphous structure (see DSC data). It was also found that a better transparency was revealed by polymers with a higher DMPA content, which means a higher amount of carboxylic groups. The higher amount of the carboxylic groups in polymers could cause the formation of higher amount of hydrogen bonds in their structure (physical cross-linking). The UV visible spectra of all TPUs are shown in Fig. 7 .
Improved transparency resulting from the increase in DMPA content was also observed for polymers prepared from poly(oxytetramethylene)diol of M n = 2000 g/mol, HMDI and diphenylmethane-derivative diols [36] .
Considering refractive index values given in Table 4 , one may say that a clear effect of the DMPA content made itself visible in polymers with higher hard-segment content, in which more of sulfur atoms were replaced by carboxylic groups present in DMPA. As shown in earlier works [15, 16, [35] [36] [37] [38] , the refractive index largely depends on the content of sulfur atoms in the polymer; if it is higher, the effect is higher value of the refractive index. This is to be ascribed to the fact that polarizability of the sulfur produces a strong interaction between polymers and incident light, and that results in high refractive index, while increasing the polarizability of substitute group (e.g., sulfur) can bring about the increase in refractive index of the TPUs synthesized. Analyzing the data in Table 5 shows that synthesized TPUs were characterized by varied hardness. In both series, higher hardness was exhibited by those with lower PCD soft segment content, i.e., 30 mol%. To continue, taking into account DMPA content it was concluded that in HDI series less hard were polymers with the lower DMPA content, showing less ordered structures. In contrast, among the amorphous HMDI-series polymers a higher hardness was observed for those containing more DMPA, which were more physically cross-linked. Generally, the same dependences were perceived in the case of the modulus of elasticity values. TPUs based on HMDI showed higher tensile strength than the analogous ones based on HDI: 41.2-49.3 MPa versus 37.8-44.9 MPa and lower elongation at break: 260-350% versus 430-575%. Figure 8 displays the stress-strain curves for all the TPUs. In most cases, the modified TPUs were harder than the non-modified ones. The former revealed also much higher tensile strength and lower elongation at break [16] .
The introduction of DMPA was beneficial for the values of the lap shear strengths to copper (adhesion) of the TPUs (see Table 1 ). The newly synthesized TPUs revealed even over three times higher adhesive strength than their nonmodified analogs. On the whole, adhesive strength grew in parallel with growing DMPA amount (more polar carboxylic groups) in the polymer, and that increase was more pronounced in the case of the polymers containing 30 mol% PCD soft segments.
Conclusions
New colorless, transparent, high-molar-mass TPUs containing aliphatic polycarbonate soft segments and hard segments formed by a mixture of two chain extenders, diol OSOE and DMPA, with HDI or HMDI were synthesized by a onestep catalyzed melt polyaddition. On the basis of the experiment carried out, it may be concluded that the TPUs were characterized by very good tensile strength, with higher values being shown by the polymers based on HMDI (41.2-49.3 MPa vs. 37.8-44.9 MPa). They also revealed better transparency (transmittance at 800 nm: up to 92.7% vs. up to 75.4%). On the other hand, the TPUs based on HDI exhibited lower T g s (− 36 to − 29 °C vs. − 20 to 0 °C) and a higher degree of microphase separation. TPUs of both types showed a relatively good thermal stability. Their temperatures of 1% mass loss were contained within the range of 260-268 °C.
Moreover, the obtained results indicate that these TPUs modified by DMPA generally showed improved transmittance, hardness, tensile and adhesive strengths, and worse elongation at break and somewhat poorer thermal stability compared to the corresponding non-modified ones. 
